In vitro corneal cell plasticity in a 3D model
SUMMARY
In this study, we provide evidence that cell-cell signalling is the most eminent cue to regulate stromal cell phenotype in a 3D model. In addition, we have demonstrated our ability in vitro to control the plasticity of keratocytes from an undifferentiated to a mature phenotype and reversal in 3D culture. Media supplementation with transforming growth factor beta 1 (TGF-β1) can supersede epithelial-stromal crosstalk causing co-cultured stromal cells that are keratogenic in lineage to become re-activated and revert to an injury sub-type. Likewise, we have shown that it is possible to inhibit the keratocyte differentiation of co-cultured cells via the blocking of epithelial cells' activities by use of wortmannin.
INTRODUCTION
The relationship between cell communities in regulating cell behaviour and function is critical to our understanding for regenerative medicine therapies and tissue engineering. Most tissues consist of more than one cell type and it is the cellular interplay and organisation that is essential to normal development, homeostasis and function; for example, transparency in corneal tissue. In vivo, corneal epithelial cells are in close contact, anatomically and functionally (Wilson et al., 1999) with stromal keratocytes (Du et al., 2007 , Espana et al., 2005 . In vivo studies have demonstrated that epithelial cells coordinate with the keratocytes in the adjoining stromal layer via bidirectional soluble release mechanisms, although direct cell-cell communications do occur in some situations (Wilson et al., 2003) . Such communications aid and stimulate normal keratocyte migration and proteoglycan and glycoaminoprotein secretion. The process occurs simultaneously, in a highly coordinated manner which changes dependent upon development, homeostasis and wound healing.
In vivo, a fibroblastic wound healing response is augmented by epithelial destruction (Tuft et al., 1993) or loss of contact between the epithelia and stroma (Nakamura et al., 2002) which can result in detrimental effects on the tissue architecture and loss of tissue transparency due to an "activation" of the keratocytes to a fibroblastic/myofibroblastic cell type (Fini 1999) . Simulation of this in vivo phenotypic plasticity in vitro has been less well studied although it is recognised that monolayer corneal stromal cell behaviour can be significantly altered in vitro (Chan and Haschke, 1983) . Co-culture systems act as powerful in vitro tools for studying tissue cellular interactions and function however often lack realistic spatial resolution. The influence of cellular interactions is of particular interest to tissue engineers because the tissue formation of one or all cell types can be regulated by simulating and stimulating the natural physiology and spatial characteristics of the cells. Twodimensional (2D) monolayer cultures are often used to investigate the way various exogenous growth factors regulate growth, differentiation and function of corneal cells (Nishimura et al., 1998) . However, monolayer cultures often lack the three-dimensional (3D) physiological environment found in vivo and so have a limited application to the in vivo milieu (DayhawBarker 1995a) . Thus a 3D environment may be more applicable to mimic the extrinsic environmental as well as the intrinsic cellular cues necessary to successfully culture and differentiate stromal cells and their subtypes. Previous co-culture studies have displayed that a collagen gel matrix is essential for epithelial cell growth, and maintenance of structural differentiation (Nishimura et al., 1998) and that stromal cell cultures can influence epithelial differentiation.
Previously we have shown that, in the absence of epithelia, manipulation of both biochemical and topographic cues can influence stromal cell phenotype, genotype and mechanical characteristics when culturing in a 3D organized collagen construct (Wilson et al., 2012a) . Cultured adult human derived corneal stromal (AHDCS) cells can be partially differentiated from a contractile fibroblastic lineage towards a more keratocyte-like lineage.
When exposed to a specific environment, niche cells become more quiescent, dendritic and begin to express the genetic markers characteristic of a keratocyte phenotype.
The aim of this study is to investigate the role of cell-cell signalling for the control of stromal cell plasticity and the maintenance of biomechanical properties through epithelialstromal co-culture in a 3D model. We investigate the nature of cell-cell contact, cell signalling molecules and the inhibition of critical pathways in controlling stromal cell phenotype and the biomechanical nature of keratocyte plasticity using our non-destructive monitoring tools (Ahearne et al., 2008; Yang et al., 2006) . This data has then been compared with cell viability, phenotype, morphology and protein expression.
RESULTS

The role of epithelial cultures on stromal cell differentiation
Cell viability
Cell viability was monitored at day 7 and 14 for both epithelial and stromal cells when cultured in different mono-and co-culture environments. Cell viability in all epithelial cultures remained high at both 7 and 14 days ( Figure 1A-F) . In stromal cell monocultures, cell viability was high in constructs cultured in serum-containing fibroblastic media at both 7 and 14 days ( Figure 1K and P) . However, cell-seeded constructs cultured in serum-free CnT20 monoculture had a higher proportion of dead cells following 7 days culture ( Figure   1J ) compared to all other constructs; and following 14 days culture most of the cells within the construct were dead ( Figure 1O) . In co-cultured samples, high cell viability was maintained in all stromal cell cultures in explant, transwell and conditioned media cultures for 7 days ( Figure 1G, H and I ). This high viability was maintained in the explant and transwell cultures for 14 days (Figure 1L and M) . A drop in viability was observed in the conditioned co-cultured constructs following 14 days (Figure 1N) , although overall stromal cell viability was still higher than observed in CnT20 monocultures.
Construct contraction
All cellular constructs were cultured in serum-containing fibroblast media for the first 24 hrs. This resulted in an initial contraction of all constructs, manifesting as a reduction in the thickness of the constructs. The thickness of all constructs reduced by approximately 15% (Figure 1Q) , which was significantly thinner than the acellular control scaffolds ( Figure   1R ). The thickness of all subsequent constructs switched to the CnT20 culture media, irrespective of the culture method employed, remained constant for the duration of the experiment. The constructs that remained in serum-containing fibroblast media continued to contract for the duration of the experiment, with most contraction occurring in the first week.
The resulting constructs were approximately 30% of their original thickness at day 14.
ANOVA tests revealed that change to CnT20 media had a significant effect on the change in thickness of the construct. Following 2 days in culture, constructs cultured in fibroblast media contracted and reduced significantly more in thickness compared to all other constructs (p ≤ 0.001). No significant difference in construct thickness was observed between any construct cultured in CnT20 media. The construct thickness of all acellular scaffolds remained constant for 14 days.
Modulus measurement
The modulus of the constructs cultured in serum-containing fibroblast media continually increased over the duration of the experiment and was significantly greater (p ≤ 0.001) than all other constructs from day 2 onwards (Figure 1S ). The modulus of the transwell constructs was significantly greater (p ≤ 0.001 at day 9 and 14; p ≤ 0.05 at day 10 and 11) than monocultured specimens in CnT20 media and co-cultured conditioned media constructs (p ≤ 0.05 at day 9 and 10; p ≤ 0.001 at day 14). The modulus of the transwell constructs remained relatively constant for 14 days, whereas the modulus reduced in both CnT20 monocultured and conditioned media co-cultured constructs following 9 days culture. There was no significant difference in the modulus of constructs cultured in CnT20 monoculture compared to conditioned media constructs. The modulus of all acellular control scaffolds remained constant at approximately 0.9 kPa for 14 days( Figure 1T ).
Protein marker expression
All epithelial cultures were immunohistochemically characterized using primary antibodies cytokeratin-3 (CK3) and vimentin following 14 days culture. CK3 is a specific corneal epithelial marker (Mi et al., 2010 , Pang et al., 2010 , Lu et al., 2001 ; and vimentin has been shown to be expressed in injured epithelial cells (Nakamura et al., 2002) . All samples stained positive for CK3 (Figure 2A-C) and negative for vimentin ( Figure 2D-F) .
There was no apparent difference in CK3 expression detected in the samples.
Immunohistochemistry was performed on stromal cells following 14 days culture except for cells cultured in CnT20 monoculture. The cell viability of these specimens was so poor at day 14 that they were unsuitable for further characterization. Fluorescent markers keratocan, aldehyde dehydrogenase-3 (ALDH3) and lumican were used to positively stain for keratocyte differentiation. Previous studies have demonstrated that expression of these markers is not detected in keratocyte repair subtypes in situ or following culture in serum (Pei et al., 2006) .
All three markers were positively expressed in explant, transwell and conditioned media cocultured stromal cells (Figure 3A-C Fluorescent markers Thy-1, vimentin and alpha smooth muscle actin (α-SMA) were used to positively stain for fibroblastic/myofibroblastic cell types. All have previously been utilized to demonstrate the transformed repair subtypes of corneal keratocytes (Pei et al., 2006 , Pang et al., 2010 , Jester, Jin 2003 . None of these markers were expressed in either the explant or transwell co-cultured cells ( Figure 3M, N 
TGF-β1 regulation of stromal cell plasticity
Cell viability
Stromal cell viability following TGF-β1 supplementation after 14 days culture was monitored at day 21 ( Figure 4A -E). Cell viability was high in all constructs except those cultured in CnT20 monoculture ( Figure 4C ). It was assumed that all these cells had died prior to TGF-β1 supplementation, as in the previous experiments.
Construct contraction
TGF-β1 supplementation at day 14 caused a significant decrease in the thickness of all constructs by day 15, except those cultured in CnT20 monoculture ( Figure 4K ). Constructs co-cultured in explant, transwell and conditioned media all showed a significant increase in contraction compared to the value before TGF-β1 supplementation. Both explant and transwell co-cultured constructs contracted significantly more than the conditioned media constructs (p ≤ 0.001 day 15-21). There was no significant difference in the contraction profiles of the explant and transwell co-cultured constructs. As in the initial experiments, the constructs cultured in serum-containing fibroblast media monoculture contracted significantly more than all other constructs (p ≤ 0.001 days 2-21 inclusive). TGF-β1 supplementation did promote a notable sharp decrease in construct thickness at day 15.
Modulus measurement
TGF-β1 supplementation increased the modulus of all constructs in all culture conditions with the exception of those monocultured under CnT20 media ( Figure 4L ). The trend for monocultured constructs under fibroblast media to have a significantly higher modulus compared to all the other constructs was repeated up to day 14. TGF-β1 supplementation triggered a sharp increase in the elastic modulus of the constructs at day 15 and also caused an increase in the previously constant modulus of the co-cultured constructs in transwell and conditioned media. By day 21, both co-cultured constructs had a significantly greater modulus than those cultured in CnT20 monoculture (p ≤ 0.05). Although the modulus of the co-cultured transwell constructs appeared higher than that of the conditioned media constructs from days 15-21, the difference was insignificant. The modulus of the CnT20 monocultured constructs was constantly lower from day 7 onwards. There was no response to TGF-β1 in these constructs.
Protein marker expression
Following 14 days culture under different culture conditions and a further 7 days culture following TGF-β1 supplementation, all constructs were stained with a panel of keratocyte and fibroblastic markers ( Figure 5 ). The constructs monocultured using CnT20 media alone were omitted from further analysis due to poor cell viability. TGF-β1 supplementation had a significant effect on the protein expression of all co-cultured constructs and resulted in none of the keratocyte markers being expressed ( Figure 5A-C TGF-β1 supplementation resulted in large and fusiform cell morphologies, characteristic of fibroblastic/myofibroblastic cell types.
Blocking of cellular interactions using wortmannin
Cell viability
Stromal cell viability in response to wortmannin supplementation following 2 days culture was monitored at day 14 ( Figure 4F-J) . The viability of all cells, except those monocultured in fibroblast media (Figure 4J) , was poor and all the cells stained dead.
Construct contraction
Wortmannin supplementation had no apparent effect on the contractile behaviour of any of the constructs when compared to the previous experiments investigating the effects of coculturing alone. No significant differences were observed in the contraction profiles of any of the experimental groups for the duration of the experiment with the exception of constructs cultured in fibroblast media monoculture ( Figure 4M) ; they contracted significantly more than all other constructs from day 2 onwards (p ≤ 0.001 inclusive).
Modulus measurement
Wortmannin supplementation did not have an obvious effect on the modulus of any of the constructs ( Figure 4N ). The only exception was the slight drop in modulus of the transwell and conditioned media co-cultured constructs at day 9. Wortmannin supplementation did not change the modulus pattern and magnitude of the monocultured constructs under fibroblast media at all.
Protein marker expression
Cell viability was so poor in all samples treated with wortmannin that further characterization was not possible. The only exception to this were the constructs cultured in fibroblast media which stained positive for all fibroblastic markers as observed in both previous experiments (data not shown).
Discussion
In this study, we provide evidence that cell-cell signalling is the most eminent cue to regulate stromal cell phenotype in a 3D model. In addition, we have demonstrated our ability in vitro to control the plasticity of keratocytes from an undifferentiated to a mature phenotype and reversal in 3D culture. Media supplementation with TGF-β1 can supersede epithelialstromal crosstalk causing co-cultured stromal cells that are keratogenic in lineage to become re-activated and revert to an injury sub-type. Likewise, we have shown that it is possible to inhibit keratocyte differentiation of co-cultured cells via the blocking of epithelial cells' activities by use of wortmannin.
Biochemical cues for restoring keratocyte phenotype
Our research alongside others has revealed that serum-free media can regulate corneal stromal cell phenotype to a keratocyte lineage (Berryhill et al., 2002 , Kim et al., 2012 , Musswlmann et al., 2005 , Wilson et al., 2012a . CnT20 is a serum-free medium for epithelial culture which in this report we demonstrate can also be a good medium for the differentiation of cultured stromal cells towards a keratocyte lineage. However, in this study we have gone further to demonstrate that CnT20 medium alone cannot maintain the cell viability of quiescent keratocytes for prolonged culturing. In contrast, co-culture of stromal cells with epithelial cells under CnT20 medium did not only maintain the morphology and protein expression of keratocytes, but also sustained high cell viability for 14 days.
The use of transwell co-cultures is well documented and has been previously used to determine whether injured epithelial cells are capable of stimulating stromal cell myodifferentiation (Nakamura et al., 2002) . This study demonstrated that injured corneal epithelial cells secrete soluble factors capable of instigating collagen gel contraction, proliferation and myodifferentiation of stromal cells. In our investigation, we have further demonstrated these findings in vitro that normal epithelia is also responsible for the maintainance of a mature keratocyte phenotype and through soluble factors we can reverse this phenotype in a model tissue equivalent.
Epithelial cells do not have to be in contact and mediate through soluble factors
In this study, we have shown how co-culture using explant or transwell culture techniques show a similar response in keratocyte protein expression and mechanical behaviour, which indicates that the interactions are mostly through soluble molecules. Interestingly, we have further shown that epithelial cells do not have to be in direct contact with the stromal cell population in order to mediate cell behaviour in either direction.
It has been shown that the growth factors and cytokines secreted by the epithelial cells regulate the function of keratocytes and vice versa (Nakamura et al., 2002 , Suzuki et al., 2003 and that the signalling is not mutually exclusive, i.e. the action of one may depend or mediate the expression of the other (Agrawal, Tsai 2003) via dynamic feedback loops. Thus in order for keratocyte maturation to occur both cell types need to present, although not necessarily in direct contact. It has been established in vivo that epithelial-stromal interactions are pivotal determinants of corneal function via highly coordinated mechanisms which maintain normal development, homeostasis and wound healing response (Wilson et al., 1999) . Specifically, the cellular communication aids in the restoration of activated keratocytes (fibroblasts) back to a quiescent keratocyte phenotype after repairing, thus restoring tissue transparency which avoids excessive scarring. It is believed that the cells communicate via the release of soluble factors such as proteoglycans, glycoaminoproteins and growth factors in a reciprocal, bidirectional manner. Using this principal, we aimed to examine how epithelial cells interact with stromal cells via the inclusion of different epithelial culture conditions from the use of explant, transwell to conditioned media cocultures on our previously described stromal layer model (Ahearne et al., 2010b; Wilson et al., 2012a) .
In our study, the restoration of keratocyte phenotype as determined by protein marker expression and cell morphology was greater in the transwell and explant co-cultured cells when compared to the conditioned media constructs. This suggests that although the soluble factors collected and included in the conditioned media have the ability to partially revert the cultured stromal cells to a keratocyte phenotype, the differentiation is incomplete.
Furthermore, the conditioned media cultures expressed both keratocyte and fibroblastic markers showing a less mature phenotype. These findings correlate with previous studies (Wilson et al., 2012a) whereby it is has been shown possible to partially differentiate cultured stromal cells towards a keratocyte linage, whilst still retaining some of their fibroblastic tendencies. This may suggest that epithelial-stromal interaction is in a feedback loop manner and dose-dependent. It is possible that the concentration of soluble factors was less in the conditioned media which could explain the reduced response in maturation. We calculate that the stromal cells in the explant and transwell cultures were potentially subject to more than twice as much soluble factors compared to the conditioned media co-cultures. Increasing the concentration of the conditioned media could potentially increase and improve stromal cell differentiation.
Biomechanical properties are a sensitive marker for stromal cell phenotype
Assessment of construct contraction in combination with elastic modulus measurements enabled us to non-destructively identify the effects of stromal-epithelial interactions on stromal cell differentiation over prolonged culture periods. The ability to measure matrix contraction in 3D hydrogel constructs can inform us of the phenotype of cultured stromal cells in response to different culture conditions (Wilson et al., 2012a , Ahearne et al., 2010b .
Keratocytes are non-contractile, fibroblasts are moderately contractile and myofibroblasts are highly contractile (Wilson et al., 2012b) . When used in combination with modulus data the mechanical findings provided a more descriptive insight into what was happening at a cellular level within the constructs and at different culture times. However, the lack of contraction and simultaneous reduction in modulus measurement, e.g. occurring in both the conditioned and CnT20 monocultured specimens, could be linked to a reduced cell viability.
To discern whether reduced contraction was due to cell death or cell-cell interactions we assessed cell viability in all constructs. We have found that the lack of contraction and constant modulus measurement in the transwell co-cultured constructs coincided with quiescent, but viable cell types. Such global assessments have been further corroborated by cell morphology and cytoskeletal organisation. The protein expression precisely matched the measured biomechanical properties, indicating that biomechanical properties are a sensitive marker of stromal cell phenotype.
Epithelial-stromal interactions can be inhibited
Using wortmannin, a known inhibitor of epithelial-stromal interactions, we have demonstrated that epithelial maintenance of the stromal cell phenotype as a mature keratocyte can be blocked. The inhibitory effect of wortmannin has been demonstrated in numerous studies (Chandrasekher and Bazan, 1999; Lyu et al., 2006; Zhang et al., 1999) Following wortmannin supplementation, all constructs, except those cultured in serumcontaining fibroblast media ceased to contract, a phenomena which was previously linked to quiescent cell behaviour, either caused by a keratogenic differentiation or cell death. In this instance quiescence was linked to cell death. This was first indicated by the drop in modulus of all constructs cultured in serum-free media following approximately 9 days in culture and confirmed by live-dead staining. In vivo, when loss of communication occurs between the epithelial cells and keratocytes, whether the cause be injury, surgery or disease, a "reexpression" of usually dormant genes, proteins and growth factors is initiated (DayhawBarker, 1995a) . This leads to an activation and differentiation of the stromal cells, causing them to become fibroblastic, with histological changes to the keratocytes occurring (DayhawBarker, 1995b ). However, this was not the case in this study. A possible explanation is that in blocking the release of cellular communication and soluble cytokines, the stromal cells were effectively in an environment comparable to CnT20 monoculture. As deduced from the co-culture experiments CnT20 medium alone was not sufficient in sustaining stromal cell growth for prolonged cultures. Thus cell death occurred in all constructs except those in serumcontaining fibroblast medium.
Stromal cells retain their plasticity in 2D and 3D
Since native keratocytes originate from a population of cranial neural crest cells (West- TGF-β1 is a known chemotactic agent and mitogen for fibroblasts secreted by almost all nucleated cells (Imanish et al., 2000) which initiates wound contraction in vivo (Nakamura et al., 2002 , Kim et al., 2012 . TGF-β1 induces fibroblastic and myofibroblastic differentiation by stimulating cell stratification and matrix component production, whilst increasing fibrotic protein marker expression (Karamichos et al., 2011) such as α-SMA, which was confirmed by immunohistochemical data. The action of TGF-β1 was very potent in that it blocked epithelial cell proliferation (data not shown) whilst stimulating the proliferation and differentiation of the stromal cells. TGF-β1 stimulation superseded the effect that coculturing had on the stromal cell differentiation and caused the quiescent, non-contractile cells which had previously shown positive expression for keratocan, ALDH3 and lumican to become highly contractile and fibroblastic in their behaviour and genotype. In fact, all keratocyte marker expression was lost and replaced by positive expression of Thy-1, α-SMA and vimentin.
Our findings suggest that corneal stromal cells are able to differentiate numerous times whilst in culture and that their transition and response is heavily dependent upon the niche environment. Since the corneal is avascular, it is the overlying epithelium that is pivotal to stromal cell differentiation. It is therefore assumed that it is possible for keratocyte differentiation to occur once TGF-β1 supplementation is removed and the "epithelium" restored.
Investigation and exploring of the plasticity of stromal cells is valuable to corneal tissue engineering with its benefits being threefold; firstly, it allows for sufficient numbers of corneal stromal cells to be grown quickly and easily in serum containing media; secondly the ability to differentiate expanded, activated cells to a keratocyte linage is important in aiding our understanding of corneal wound healing mechanisms and the importance of cellular interactions during these processes; finally it allows us to engineer corneal tissues that more closely mimic the native cornea, with cells that are in a healthy uninjured state which may have the potential to act as an important tool in with regards to toxicity testing of drugs and irritants which could in turn improve the development of new and improved ocular drugs to treat corneal disease and/or injury.
CONCLUSION
In this paper, we have demonstrated 4 key elements of corneal cell population behaviour in a 3D in vitro model:
• Epithelial-stromal cellular interactions are reciprocal and bi-directional in manner.
• Corneal stromal cells require the presence of the epithelia to reach a mature keratocyte phenotype.
• Corneal stromal cells retain their plasticity in collagen hydrogel environments.
• The mechanical properties of the cornea are defined by epithelial-stromal interactions.
EXPERIMENTAL PROCEDEURES
Experimental design
A series of experiments were devised in order to investigate a number of factors which may influence stromal cell plasticity. Initially the influence of different co-culture systems was studied to understand the nature of cell-cell contact with regard to restoration of the native keratocyte phenotype in cultured (fibroblastic) stromal cells. Cell-seeded collagen hydrogel constructs were cultured with and without the presence of an epithelial co-culture.
Samples cultured without epithelial cells were cultured under serum-containing fibroblastic media and serum-free CnT20 media to (i) provide a negative control where upon cells are behaving as fibroblastic-like cells; (ii) determine if the switch to serum-free CnT20 media alone was sufficient to promote keratocyte differentiation. These specimens were referred to as "monocultured" constructs. Co-cultured specimens were split into 3 groups, explant; transwell and conditioned media co-cultures (Figure 6 ). Acellular collagen scaffolds were produced as a control. All cell-seeded collagen constructs were initially cultured for 24 hrs under serum-containing (fibroblast) media. This encouraged the cells to maintain a fibroblastic phenotype causing the constructs to contract, reduce in thickness and become more collagen dense. Increasing the collagen density of the constructs was aimed at improving epithelial cellular outgrowth and stratification (Mi et al., 2012 , Brown et al., 2005 . Following 24 hrs the media was then swapped for serum-free CnT20 media accordingly.
Epithelial explants were cultured onto fibronectin coated insert dishes, thus allowing us to investigate as to whether the epithelial cultures had to be in direct contact with the stromal cell-seeded constructs (as in the explant cultures) in order to initiate a response, or whether the presence of the cells themselves was enough to provoke a response as the membrane was impermeable to the cells, but not to soluble factors. Epithelial conditioned media was used to determine whether a response could be provoked without the cells being present by utilizing soluble factors released into spent media.
Cell signalling molecules were investigated via the introduction of a well-documented chemotactic and mitogen, TGF-β1, to culture media to determine if cell plasticity remained following culture in our 3D collagen models. Media was supplemented with TGF-β1 to see if it could initiate a fibroblastic/myofibroblastic cellular response following stromal cell differentiation towards a keratogenic lineage. Finally, it was investigated as to whether it was possible to block the epithelial-stromal molecular pathways responsible for stromal cell differentiation by supplementing media with a known phosphoinositide-3-kinase (PI3K) inhibitor, wortmannin. and L-Glutamine (1% (v/v) 2 mM; Sigma-Aldrich, UK), referred to as fibroblast media, at 37˚C, 5% CO2, allowing stromal cells to migrate out from the tissue. Media was changed every 2-3 days and cells were passaged at confluence. Third passage cells were used for all experiments.
Epithelial cell culture:
Adult porcine eyes were obtained from a local abattoir (SMP, Bucknall, UK) within 2 hrs post mortem and subjected to dissection within 1 hr of acquisition. Porcine eyes were removed and immediately transferred to CnT20 culture media with a high A+A content (5% v/v). The epithelial layer was mechanically stripped using sharp point forceps. The epithelial tissue was dissected into sections approximately 2 mm in diameter. 5-6 pieces of epithelial sections were carefully placed anterior side down onto fibronectin coated surfaces as appropriate and incubated at 37°C, 5% CO2. Epithelial media consisted of CnT20 PCT Corneal Epithelium Medium, defined, supplemented with solution A, B and C (CnT20, CellNTec, Precision Media and Models, Switzerland).
Epithelial -stromal co-culture:
The stromal co-culture experiments were split into 3 groups: explant; transwell and conditioned media cultures ( Figure 6F, G and H) . Explant cultures referred to epithelial tissue explants that were transferred directly to fibronectin coated stromal cell-seeded hydrogel constructs ( Figure 6G ) cultured under 3 ml CnT20 media. Transwell cultures referred to stromal cell-seeded collagen constructs that were placed into sterile 6-well companion plates (BD Falcon, USA) below a permeable cell culture insert dish (pore size 0.4 µm; BD, Falcon, USA) onto which epithelial explant were cultured ( Figure 6F ) and were cultured under 3 ml CnT20 media. Conditioned media was obtained by seeding epithelial explants onto fibronectin coated T25 cm 2 tissue culture plastic (TCP) flasks and allowing them to reach confluence ( Figure 6E ). The spent media (5 ml per flask) was collected. It was sterile filtered and pH balanced using HEPES buffered saline solution (Fluka, Sigma-Aldrich, UK) before being mixed with CnT20 media at 10% (v/v) concentration. 3 ml of conditioned media was added to each cell seeded collagen construct.
Hydrogel fabrication:
Rat tail collagen type I (BD Bioscience, Mountain Science, CA) hydrogels were prepared according to the manufacturer's instructions as previously described (Wilson et al., 2012b) , using 10X DMEM in place of PBS. Collagen mixture (500 µl at 3.5 mg/ml) was cast into a filter paper ring (internal diameter 20 mm) on non-adherent PTFE plates. The stromal cells were suspended throughout the hydrogel solution prior to gelation (cell density; 1 x 10 6 cells/ml). Gelation was achieved by incubation at 37˚C, 5% CO2 for 30-45 mins.
Fibronectin coating:
Human plasma fibronectin (Sigma-Aldrich, UK) was prepared at concentration 10 ng/µl in PBS. Each cell-seeded collagen construct was washed 3 times in PBS before being submerged in 500 µl fibronectin solution. TCP T25 cm 2 flasks were coated using 3 ml of the solution and 1 ml fibronectin solution was used to coat the permeable membrane of the insert dishes. The constructs, TCP and culture inserts were then incubated at room temperature for 1 hr.
Treatment with TGF-β1.
In order to determine as to whether the corneal stroma cells retained their plasticity, TGF-β1 (Sigma-Aldrich, UK) was used to supplement all culture medias at a concentration of 10 ng/ml, following 14 days mono-or co-culturing respectively. All constructs were cultured for a further 7 days in the TGF-β1 supplemented media before the experiment was terminated at day 21.
Inhibition of cell-cell signalling with wortmannin
Wortmannin (Sigma-Aldrich, UK) was used to supplement all medias at a concentration of 10 ng/ml to determine if the effect of co-culturing could be blocked. All constructs were cultured for 14 days, following the supplementation with wortmannin at day 2 in the experiment.
Cell viability
Cell viability was observed at using a live-dead fluorescent double staining kit (Fluka, Switzerland); it was used according to the manufacturer's instructions. 500 μl staining solution was used per construct. Stained hydrogel constructs were washed in PBS and examined using fluorescent microscopy (Eclipse Ti-S, Nikon, Japan).
Construct contraction:
Hydrogel constructs cast into filter paper rings were effectively confined to the dimension of the filter paper ring. This permitted analysis of confined contraction in terms of a change of thickness of the hydrogel construct via optical coherence tomography (OCT) (Yang et al., 2006) . Constructs were examined every 1-2 days over 14-21 days in culture, dependent upon when/if exogenous factors were used to supplement media.
Modulus measurement:
The mechanical properties of the constructs were measured using a non-destructive spherical indentation technique (Ahearne et al., 2005; Ahearne et al., 2010a) which permitted repeated analysis of constructs over time. Hydrogel constructs were circumferentially clamped. A PTFE sphere (0.0711 g and 2 mm radius) was placed centrally on the construct, causing uniform deformation of the hydrogel. The extent of the deformation was recorded and applied to a theoretical model (Ju and Liu, 2002) to calculate the elastic modulus of the constructs. Modulus measurements were performed on all samples apart from the explant cocultured constructs. It was not possible to perform the spherical indentation technique on these specimens as the tissue explants meant that the surface of the construct was nonhomogeneous. Thus the spherical indenter was unable to spontaneously centre (Liu and Ju, 2001 ) and axisymmetrical deformation did not occur. The elastic modulus was measured every 1-2 days for 14 or 21 days dependent upon the experimental group being investigated.
Immunolabelling of epithelial and stromal cell cultures:
Cell phenotype was observed in both epithelial and stromal cell cultures. Each sample was fixed in 500µL 10% neutral buffered formalin solution (Sigma-Aldrich, UK) for 60 mins, before washing x3 in PBS. The samples were permealised with 500 µL 0.1% Triton® X100
(in PBS) for 60 mins before washing x3 in PBS. Samples were then with 500 µL 2% bovine serum albumin (BSA, 2% w/v in PBS, Sigma-Aldrich, UK) for 2 hrs. Samples were then washed x3 in PBS before staining with the primary antibody at dilution 1:50 (in PBS)
overnight at 4 ˚C. The samples were protected from. All primary and secondary antibodies were purchased from SanatCruz Biotechnology (UK) unless otherwise stated.
The primary antibodies used to stain epithelial cultures were cytokeratin-3 goat polyclonal IgG (CK-3) and vimentin goat polyclonal IgG. The samples were then washed 5 times in PBS in 5 minute intervals. The primary antibodies used to stain the stromal cell cultures were split into two panels: keratocan, ALDH3 and lumican to act as positive stain for keratocytes and FITC-conjegated Thy-1, α-SMA and vimentin were used to positively stain for fibroblasts/myofibroblasts. Donkey anti-goat IgG-fluorecin isothiocyanate (FITC) , donkey anti-mouse IgG FITC, donkey anti-goat IgG-tetramethyl rhodamine isothiocyanate (TRITC) and goat anti-mouse IgG TRITC were used as secondary antibodies to fluorescently label the samples at dilution 1:100 (in PBS) for 4 hrs at 4 ˚C in the dark. All samples were counterstained with DAPI (1:500; prepared in PBS; Sigma-Aldrich, UK) and examined using fluorescent microscopy (Eclipse Ti-S, Nikon, Japan).
Statistics:
Data was analysed using GraphPad Prism® (CA, USA). The data was subjected to a normality (Kolmogorov-Smirnoff) test. The data was normally distributed, so comparisons were performed using either T-tests for pairs of data, or two-way analysis of variance (two- 
